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(54) pledradeioniz^tion apptaratus and process for purifying a liquid 


(57) An electrodeionizatlon appai-atus has a cath- 
ode compartment (10, 32, 64) and an anode compart- 
ment (34, 66) for removing ions from a liquid (26, 46, 74) 
under the influence of an applied voltage, and the cath- 


ode compartment (10, 32, 64) includes electrically con- 
ductive particles (18) sudti as metal particles and/or 
cartx>n particles. 
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bescription — 

This inventioii relates to a novel electrodeionization module adapted to transfer Ions in a liquid under the influence 
of a polar field. More specifically, this inventions relates to an electrodeionization apparatus adapted to purify aqueous 

5 liquids to effect the production of high purity water and to minimize scale fbrmatioh. and process therefor 

The purification of a liquid by reducing the concentration of ions or molecules in the liquid has been an area of sub- 
stantial technological interest. Many techniques have been used to purify and isolate liquids or to obtaiin concentrated 
pools of specific ions or molecules from a liquid mixture. The most well-known processes include distillation, electrodi- 
alysis. reverse osmosis, liquid thromatography. men±)rane filtration and Ion exchange A lesser known method is elec- 

10 trodeionization, occasionally mistermed filled cell electrodialysis. 

The first apparatus and method lor treating liquids by electrodeionization was described by Kollsman in U.S. Patent 
Nos. 2.689,826 and 2.815,320. The first of these patents describes an apparatus and process for the removal of ions 
within a liquid mixture In a depleting chamber through a series of anionic and cationic membranes Into a second volume 
of liquid in a concentrating chamber under the influence of an electrical potential vvhich causes the preselected ions to 

15 travel in a predetermined direction. The volume of the liquid being treated is depleted of ions while the wlume of the 
second liquid becomes enriched with the transfer ions and carries them in concentrated form. The second of these pat- 
ents descrSjes the use of maaoporous beads formed of ion exchange resins as a filler material positioned between the 
opjortjc or cationic membranes. This ion exchange resin acts as a path for ion transfer and also serves as an increased 
conductivity bridge between the membranes for the movement of ions. 

20 The term "electrodeionization*' refers to the processf wherein an ion exchange material is positioned between anion 
and cationic membranes. The term •'electrodialysis" refers to such a process which does not utilize Ion exchange resins 
between the anionic and cationic membranes. Illustrative of other prior art attempts to use the coihbinatton of electro- 
dialysis and ion exchange materials or resins to purify saline from braddsh water are described in U.S. Pat InJos. 
2,794,770; 2.796.395; 2.947.688; 3.384.568; 2.923.674; 3,014.855 and 4,165.273. Attempts to improve electrodeioni- 

25 zation apparatus are shown in U.S. Pat. Nos. 3.149,061; 3.291.713; 3.515.664; 3.562,139; 3.993,51 7 and 4.284.492. 
In any membrane separation process where ions become concentrated there is the potential to exceed solubility 
limits and form scale. In particular, calcium carbonate scale. CaCOa. is formed when the levels of Ca^* and COs^' in 
water reach a solubility limit. 

30 Ca^* + C03^'oCaC03. [Ca^'']lCO^^']=K^ (1) 

Furthemiore, the level of COa^' water is function of the pH of the water and the equilibrium with bicarbonate, HCOs" 


C03^- + H^oHC03- ^"^^^"^ , (2) 

tHilCOa'l 

40 By combining the equations above, the scale potential relative to calcium and bicarbonate concentrations and the 
pH of the water is defined. 

[Ca-][HC03]^^^^^ (3) 
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The potential for forming scale increases with an increase in calcium ion concentration, an increase in bicarbonate 
ion concentration or an increase in pH. In addition, the ion concentration increases when the electrodeionization mod- 
50 ule is operated to recover an increased percentage of incoming water as purified water. 

Reactions at the electrodeionization electrodes and water splitting in the electrodeionization process can create 
significant shifts in the pH of the waste water stream. The reactions occurring at the electrodes are shown below. The 
generation of OK' at the cathode creates an area of high scale potential. 

55 Anode Reaction 

2H2O » 4hr + 4e- + O2 2Cr » 26 + CI2 (4) 


2 


Cathode Reaction 


2H20+2e"»20H- + H2- (5) 

5 Water splitting within the diluting compartments is an additional source of OH" within the electrodeionization mod- 
ule. In the concentrating compartment where OH' is entering through the anion membrane and especially along the sur- 
face of that anion membrane is were pH can become high resulting in areas with high risk of scale formation. Since pH 
is the negative log of the H* concentration, what appears to be a small change in pH will have a significant impact to 
scale potential For example an increase in one pH unit will increase the scale potential by a factor of 10. 

10 Formation of scale within the electrodeionization module will result in a very high electrical resistance and blocked 
flow channels leading to a quick decline in water quality produced. Several methods or combination of methods pres- 
. entiy are used to reduce the risk of scale in an electrodeionization module. In a first metiiod water is pretreated before 
: : it enters an electrodeionization module to reduce the levels of Ca^* and/or HCG3: or to deaease pH thereby reducing 
the potential to, form scale. For example, a properly functioning Ion exchange softener will reduce Ga^* levels by 

15 exchanging 2Na* for the Ca^* in ttie feed water. The solubility of Na2C03 is very high with almost no risk of scale for- 
mation. The softener is regenerated by treating the resin with high cdncentratbns of NaGI. Afthough a very effective 
method to reduce scale potential, softening has had limited success witii the electirodeionization product. Improper 

■ij. - maintenance, increases in feed water Ca^* levels, and/or increases in ttie volume of water treated results in high leak- 
age of Ca^* and subsequent scaling of the electrodeionization module. In addition, ttie added cost and ttne size of a sof- 

20 : tener resin tank and salt regeneration tank are not desirable and especially does not fit with tiie concept of the compact,, 
reliable and easy to use approach desired for a smaller laboratory water system; : ; . 

In a second pretreatment process; reverse osmosis (RO) is used to remove greater than 90 to 95% of the Ca^* and 
HCPs" in the feed water thereby significantly reducing ttie potential to form scale. However, in locations where the Ca^"*" 
and HCO3" levels are very high, (over 100 ppm of Ca^* feeding ttie RO), enough Ca^* and HCO^' pass the RO so tiiat 

25 an electrodeionization module can still suffer from scale formation. In these locations the current technology Is forced 
to use softening to pretreat ttie Rp prior to elecfc'odeionization. 

A commercially successful electrodeionization apparatus and process is described in U.S. Pat. No 4.632,745. The 
apparatus utilizes ion depleting compartments containing an ion exchange solid composition and a concentrating com- 
partment which is free of ion exchange solid material. The electrodeionization apparatus includes two terminal elec- 

30 trode chambers containing an anode and a cattiode respectively which are utilized to pass direct current transversely 
through the body.of tfie apparatus containing a plurality of ion depleting compartments and ion concentrating compart- 
ments. In operation, the dissolved Ionized salts of the liquid are ti-ansfened ttirough the appropriate membrane from tiie 
ion depleting compartinents to tiie ion concentrating compartments. The ions collected in tiie ion concenb'ating com- 
partments are removed through discharge outlets and are directed to waste The deposit of insoluble scale within tiie 

35 cathode compartment has been a protrfem associated witti this process. 

It has been proposed in U.S. Pat. No. 3,341 ,441 . in an eiectrodialysis process, to reverse periodically ttie direction 
of current flow in which case, the electrode once serving as the cathode becomes ttie anode while tfie anode chamber 
becomes the cathode. The solution flowing through the anode chamber becomes acidic due to anodic electi'olytic 
action, and the add ttius formed tends to dissolve a small portion of scale formed tiiereih during ttie time ttie electrode 

40 was cathodic. In the process ttie flow Is reduced or stopped and ttius ttie acid generated witfiin the anode chamber is 
allowed to attain a suff icientiy high concentration in ttie chamber so as to dissolve precipitated scale formed ttierein dur- 
ing the electrode's previous cathodic cycle and thereafter, reversing ttie polarity of the direct current is performed at 
periodic intervals. In a preferred form of the process, a ttiird step is also employed comprising continuously flushing ttie 
cattiode conpartinent with a sufficlentiy large volume of electi^olyte solution to quickly remove any base generated 

45 therein. When the direct cunent is reversed, the ion depleting compartments become tiie ion concenfating compart- 
ments and the ion concentrating compartments become the ion depleting compartinents. This process can be undesir- 
able since a large volume of liquid being purified must be discharged to waste in a time interval immediately following 
voltage polarity reversal since the concentration of electrolyte in the newly formed ion depleting compartinents is too 
high for a period of time to render the purity of the liquid product acceptable. 

so It has also been proposed in U.S. Patent No. 4,956,071 to utilize voltage polarity reversal in an electi^odeionization 
process In order to reduce scale formation. In the process, the voltage ttirough the process is periodically reversed, typ- 
ically every 15 to 20 minutes, with the voltage polarity in a given direction being approximately 50% of the time of proc- 
ess operation. With each voltage polarity reversal, the dilution compartments become concentration compartments and 
the concentration compartments become dilution compartments. As a result of ttie voltage polarity reversal, several 

55 valves are needed in ttie system for distributing ttie streams. Two valves typically are needed to direct ttie appropriate 
dilute stream to the final point of use. In addltion. conta'ol means for ttiese valves may be required to direct water to drain 
until acceptable purity levels are reached. In addition, one or two additional valves typically are used to control flow rates 
to electrode sti'eams in order to optimize pH shifts and scale prevention. This patent discloses ttiat an electrode spacer 
having an ion permeable membrane and positioned adjacent to anode and cathode optionally can be filled with ion 
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in a parallel flow configuration. Electrolyte can be obtained from the feed product, neutral, or concentrate streams or 
from an independent source and passed through a spacer adjacent to each electrode in the electrpdeionization appa- 
ratus and is removed from the electrodeionization apparatus, A neutral zone Is a zone where little or no ion concentra- 
tion or ion depletion occurs. Optionally, electrolyte from the spacer adjacent to the electrode can be passed through one 

5 or more neutral zones or to the concentrate stream prior to being directed to waste. In accordance with this invention, 
scale buikJ up within the cathode is prevented by including therein materials which conduct electrons. Materials which 
conduct electrons pnoyide improved control of or prevention of scale in the cathode as compared with particles which 
conduct ion species such as ion ^cchange resin particles. However, the materials utilized to conduct electrons also can 
contain a small amount i.e. less than about 10 weight percent of particles which conduct ion species k>ased upon the 

JO total vyelght of particles without significantly reducing the effectiveness of the electron-conducting particles. The electri- 
cally conductive particles significantly increase the total effective surface area of the cathode. As a result, the electrode 
reaction and therefore the hydroxide ion produced is distributed over a significantly larger area so thjat the local hydrox- 
ide ion concentration and therefore the local pH is significantly reduced to a level wherein scale forniatipn is minimized 
or prevented. 

15 The electron conducting particles comprising carbpn and/or metal particles can be formed in any convenient con- 
figuration which provides a high surface area of the particles. Thus, the particles can be beads, granules, fibers or the 
like. In addition, the particles can be unsupported or supported on a matrix such a woven or nonwoven fibers such as 
polymeric fibers which are positioned within the liquid in the cathode compartment 

Referring to Figure 1 ;:a cathode compartment 10 of this invention which is utilized with an electrckJeionization appa- 

20 ratus IS shown. The cathode compartment 10 includes a cathode plate member 12, a connection 14 to be connected 
to a source of DC voltage, an ion i3ermeable men^rane 1 6 and electrically conductive material 1 8. The electrically con- 
ductive material 18 provides a substantially increased effective cathode surface area as compared to the area of the 
surface 20 of cathode plate 1 2. As a result of the increased surface area, the local hydroxide concentration at the cath- 
ode surface is substantially reduced. 

25 Figures 2-6 provide representative process flow anrangements for balancing pH. ion concentration and liquid flow 
to minimize extreme process conditions and to limit the possibility of scale formation. 

Referring to Figure 2, a liquid flow path pattern is shown wherein concentrated electrolyte liquid 24 is passed in 
series through ion concentrating compartments 22 while liquid to be purified 26 is passed in sQ-ies through ion deplet- 
ing conparlments 28. The ion depleting compartments 28 contain a mixture of anion and cation exchange resin beads. 

30 The ion concentrating compartments may also contain a mixture of anion and cation exchange resin. The ion concen- 
trating compartments 22 and the ion depleting conrpartmente 28 are bounded by anion permeable membranes, A. and 
cation permeable membranes, C. A third electrolyte liquid stream 30 is passed in series through anode compartments 
32,and cathode compartment 34 containing electrically conductive material. Purified product 23 is recovered while con- 
centrate 25 and electrode liquid 27 are sent to waste or recycled to their respective Inlets. . 

35. ra. Referring to Figure 3, a liquid flow path pattern Is shown wherein concentrated electrolyte liquid 40 is passed in 
series through anode compartment 32 and ion concentrating compartments 22 while liquid to be purified 26 is passed 
in series through ion depleting compartments 28. The ion concentrating compartments may also contain a mixture of 
anion and cation resin. The ion depleting corripartments 28 contain a mixture of anion and cation exchange resin beads. 
The ion concentrating compartments 22 and the ion depleting compartments 28 are bounded by anion permeable 

40 membranes. Aj and cation permeable membranes, C. A third electrolyte liquid stream 42 is passed through cathode 
compartment 34 containirig electrically conductive material. Purified product 23 is recovered while concentrate 25 and 
electrode liquid 27 are sent to waste or recycled to their respective inlets. 

Referring to Figure 4, a liquid flow path pattern is shown wherein concentrating electrolyte liquid 44 is passed in 
series through anode compartment 32, ion concentrating compartments 22 and cathode compartment 34 containing 

45 electrically conductive material. Liquid to be purified 26 passes in series through ion depleting compartments 28. The 
ion depleting compartments 28 contain a mixture of anion and cation exchange resin heads. The ion concentrating 
compartments may also contain a mixture of anion and cation exchange resin. The concentrating compartments 22 and 
the ion depleting compartments 28 are bounded by anion permeatrfe membranes, A, and cation permeable membranes 
C. Purified product 23 is recovered while concentrate and electrode liquid 43 is sent to waste or recycled to its inlet 

so Referring to Figure 5, a liquid flow path pattern is shown wherein concentrated electrolyte liquid 24 is passed in 
series through ion concentrating compartments 22 and neutral zone 33 while liquid to be purified 46 is passed in series 
through ion depleting compartments 28. The ion depleting compartments 28 contain a mixture of anion and cation 
exchange resin beads. The ion concentrating compartments may also contain a mixture of anion and cation exchange 
resin. The ion concentrating compartments 22 and the ion depleting compartments 28 are bounded by anion permea- 

55 ble membranes. A, and cation permeable membranes C. A third electrolyte liquid stream 30 is passed in series through 
the anode compartment 32 and cathode compartment 34 containing electrically conductive material. Purified product 
23 is recovered while concentrate 29 and electrode liquid 27 are sent to waste or recycled to their respective inlets. 

Referring to Figure 6, a liquid flow path pattern is shown wherein concentrating electrolyte liquid 48 is passed in 
series through ion concentrating compartments 22 while liquid to be purified. 46, Is passed in series through ion deplet- 
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permeable membrane C. A third eSoSXlJsJ^ 30 ^ membranes. A. and cation 

cathode compartment 34 containmnS(Slv cS^^^ ^ compartments 32 and 

cathode compartment 50 includes electrically ^^^S^^'S^S!^ Z *e 
compartment 54 contains ion exchange resin beadsS^aiS^rSu,!?^ "^^ ^ "^^^ns 

permeable membrane. C. Hydroniom iaiswi^SS ^ P'"^"""" membrane, A. and cation 

in cathode com^nt 50. During ftLZKn^^JST H *° '"^"''^ ^* surface 58 

conducive material IS no. presem'rrhSSS^ 

illustrated by the solid line 60. With the presence of eSS^ ^ , ^ "-esulting in high local pH 
ment 50 the hydroxide ion is produced Sv^t^rf^htSSS t^^ '^^^^ «*ode compi- 

PH at the cathode sirttee sslstrated^flie dbSf^nT S ^""""'"^ •'^ local 

the cathode conpartment 50 is to chang?ihe lo«^Z^^^ 
ues illustrated by thedotfed line 62 

partm'rra^rus^::.^^^^^^^ 

meablemembmneAandacafionpeinSmeSeSSif^^^^^ 
74fbr accepting ion species, eg.ranXr^2rseri^^^^^ 

ment 64 containing electron co^uc^fZc^ aSiS^^^*' ^ <»mpartment.66 and cathode convart- 
asproduct. <^"gpa«'ciesandisdtscardedasstream76. Purified aqueous liquid 78 is recoJered 
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able membrane and a cation pemiS miS)^ ^ compartment bounded by an anion pemie- 

or other aqueous liquid to aS^^iw ^^^1^?^^^^^^ 

bounded by an anion pemieablTmembrL a^TSton^^^^^^^^^ T """^ compartment 
potentai betweenacalhode compartment ardaJ^noS!^^^ P"*^"**^ an electrical 

Of said at least one ion depletinTiSS.^1 SLTT^ T"? ^"^^^^ ^ 

ment. the method being ^aractLed by Sno iS^^^ atleast one ion concentrating compart- 
electrons. ^ "''"""^ ^ "mpartmem partides capable of co^^ 


2. ^eP'Ocessofd^mt.^M^ereins^dparfic.escapaWeofconductinge.ectrOns^^^^^^^ 
- 3. •^^P^ocessofd.ml.whereinsa^partc.escapableofconductingel^^ 

Si'^^eS.^Ses^"^^^^ 

brane and a cation permeable membrane and ^at^n .^.r^!^ *^ ^" pemieaWe mem- 

aqueous liquid for accepting ^i^Ti^JT^"^^.^ ^"^"^ water or other 

membrane and a cathode ajmpartmTntTnSn^riioT ^"^'"^ '"eluding an anion, permeable 
potential between said cathode;on^^^:;::: ^^.l^f "^^^^^^^ '^'^ Produdng an electrical 
said ion depleting compartment. t^^S.^^^^^^^^ pacing electrical current through 
cles capable of conducting electrons. cnaracterised by induding in said cathode compartment parti- 
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8. The process of claim 6 or claim 7. wherein said electrodeionization apparatus includes a pluralfty of ion depleting 
compartment and a plurality of ion concentrating compartments. 


9. Apparatus constructed and adapted to perform the process of any of claims 1 to 8. characterised In that the cath- 
ode compartment includes particles capable of conducting electrons, such as cartx>n particles, metal particles or 
a mixture thereof. 

1 0. The process of any of claims 1 to 4 and 6 or the apparatus of claim 9. which employs at least one Ion depleting 
compartment, and said anode and cathode compartment - or one of them - being ananged to sen^e as an ion con- 
centrating compartment. 
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for removing ions from a liquid (26) under the influence 
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